The incorporation of [3H]adenosine, [3H]adenine, and [3Hlhypoxanthine into adenine nucleotides of nude (athymic) mouse liver and human hepatoma grown subcutaneously in nude mice was studied. 3H and 32P radioactive labeling in vivo of acid-soluble nucleotides followed by chromatographic procedures indicated that, in contrast to [3Hjadenine and [ H]hypoxanthine, [3H]adenosine is preferentially incorporated into ATP in comparison with its incorporation into AMP and ADP. This phenomenon, as well as complementing the recently reported 3fold increase in total cellular ATP upon treatment with 0.5-1.0 mM concentrations of adenosine, indicates the formation from adenosine of compartmentalized ATP that is not produced from either adenine or hypoxanthine. The observed effect is of larger magnitude in the growth-arrested normal liver than in the actively growing tumor.
Several recent reports have indicated that treatment of different tissues with 0.5-1.0 mM concentrations of adenosine caused a marked increase in their ATP levels (1) (2) (3) (4) (5) . It was shown that this increase, which was also reflected in high ATP/ADP ratios, could not be attained with other adenine nucleotide precursors, namely, adenine, hypoxanthine, or inosine (3) . Adenosine has been found to be lethal to cells in culture at a low concentration (6) , as the result of a metabolic imbalance which shuts off pyrimidine biosynthesis. This lethality was abolished in mutants which did not contain adenosine kinase and was thus attributed to a phosphorylated intermediate (6) . The reported stimulatory effect of small adenosine concentrations on DNA synthesis in the presence of serum (7) can be attributed at least in part to inosine formed from adenosine with adenosine deaminase present in serum in tissue cultures (Rapaport and Zamecnik, unpublished data). Adenosine kinase and adenosine deaminase are the enzymes known to metabolize adenosine in mammalian tissue (8) , yielding AMP and inosine, respectively. Inosine is an established intermediate in the purine salvage pathway (9) .
We have utilized high specific activity radioactive precursors to study the incorporation of adenosine into ATP in nude mouse liver and subcutaneous, fast-growing human hepatoma in the nude mouse (16-19 g ). After 10-14 days a solid tumor of 0.5-1.0 g developed and mice were used at this stage. Radioactive chemicals were supplied by New England Nuclear (Boston, Mass.). 32P1 (0.1 mCi in 0.9% NaCl) was injected intraperitoneally, and 3H-labeled precursors (0.5 mCi in 0.9% NaCl) were injected intravenously in a total volume of 0.2 ml. All 3H-labeled compounds were of the highest specific activity available (15-25 Ci/mmol). These procedures as well as the final dissection and freeze-clamping of liver or tumor were carried out under ether anesthesia in an atmosphere of 100% oxygen to minimize hypoxia (10) . Livers and tumors were excised and within 1-5 sec were freeze-clamped between heavy aluminum plates precooled in liquid nitrogen (11) . The frozen tissue was pulverized in a mortar at solid CO2 temperature and extracted for at least 30 min with ice-cold 0.5 M perchloric acid. Following removal of cell debris by centrifugation, the solution was neutralized with 7 
RESULTS
The introduction of 32P; into ADP and ATP of nude mouse liver or human hepatoma follows the values of their respective total absorbancies. A period of 32Pi incorporation of 2-2Y2 hr, which is sufficient to equilibrate completely the a-phosphates (E. Rapaport, unpublished data) yields a 32P-ratio of ATP/ADP (cpm ratio multiplied by %) equal to the absorbance ratio of ATP/ADP in the liver or hepatoma. The absorbance of ATP in liver or tumor, as obtained by chromatographic procedures, reflects a value of 1-3 mM based on liver or tumor wet tissue weight. The ATP value is higher when the ATP/ADP ratio is high [3] [4] , and drops due to hypoxia (12, 13) , as is reflected in a lower ATP/ADP ratio. It is interesting to note that the ATP/ ADP ratios in the human hepatoma grown subcutaneously in the nude mice are consistently higher [3] [4] [5] [6] than the same ratios in the corresponding livers [2] [3] during similar short periods of hypoxia. This is probably a reflection of the superior ability of the tumor to undergo anaerobic glycolysis, thereby maintaining higher ATP levels upon ischemia. No difference was observed in the total ATP levels of the tumors or the corresponding livers, both giving high levels, around 3 mM.
Two types of chromatographic procedures were utilized for of the ADP and ATP fractions were also treated with snake venom phosphodiesterase before being subjected to the PEIcellulose thin-layer chromatography. Fig. 4 includes, therefore, a direct comparison of the labeling of AMP with AMPs derived from the ADP and ATP fractions. [3H]hypoxanthine, can be incorporated into ATP, in preference to its incorporation into AMP and ADP. In nude mice, from which both the liver and hepatoma were analyzed, the effect was larger in the liver. These results provide evidence for the production from adenosine of highly compartmentalized ATP, an ATP pool which is not available to adenylate kinase action. Adenylate kinase is otherwise responsible for the rapid equilibration of AMP, ADP, and ATP (14) . The possibility of preferential incorporation of [3Hjadenosine into the ATP pool through an unknown pathway which provides an adenosine-ATP exchange has also been considered. This may be possible, but could not be a sole explanation, since 10 min incorporation of [3H]adenosine preferentially into the ATP pool was less than 2'A hr incorporation. If an unknown adenosine-ATP exchange were occurring without compartmentalization, long incorporation periods (50 min, 2Y hr) would tend to produce a smaller effect due to equilibration of the pools in the presence of adenylate kinase. The experiments reported here were performed by utilizing radioactive labeling of high specific activity, which did not cause appreciable change in the actual concentration of purine nucleotide precursors in the liver. The results therefore could not be attributed to an unknown effect of the purine nucleotide precursor per se on enzymatic pathways responsible for the rapid equilibration of AMP, ADP, and ATP.
The term compartmentalizatton as used by us refers to nucleotide pools which do not mix in the cell sap by a diffusioncontrolled process. Whether the different ATP pools are in Proc. Natt. Acad. Sci The first step in the metabolism of adenosine, the formation of AMP by adenosine kinase action (16) , has not been reported to be subject to feedback regulation. Adenine and hypoxanthine, on the other hand, yield AMP and IMP in the presence of adenine phosphoribosyltransferase and hypoxanthine-guanine phosphoribosyltransferase, respectively. These reactions are sensitive to the availability of phosphoribosyl pyrophosphate, as is the de novo synthesis of purines. Phosphoribosyl pyrophosphate in turn is produced from ATP and ribose 5- phosphate in the presence of phosphoribosyl pyrophosphate synthetase, an enzyme known to be regulated by the relative concentration of AMP, ADP, and ATP (17, 18) . These differences, which would enable the metabolism of adenosine and not that of hypoxanthine or adenine to be dependent on substrate concentration, are presumably responsible to the reported remarkable increase in cellular ATP upon treatment with 0.5-1.0 mM adenosine (1) (2) (3) (4) (5) . Quantitatively, an increase in hepatic ATP levels from 2.1 to 6.5 mM, as well as a 3-fold increase in the ATP/ADP ratio, has been reported (3). Our results, however, indicate that the majority of the increase in ATP produced from adenosine is compartmentalized and thus may not be available for certain metabolic functions. The experimental results reported by Lund et al. (3) are also in agreement with the concept of compartmentalization. The 3-fold increase in the ATP/ADP ratios would exist only if part of the ATP responsible for the dramatic increase in total ATP levels is not subject to the metabolic processes (e.g., adenylate kinase, hexokinase, phosphofructokinase) which yield normal ATP/ADP ratios of 2-3. The existence of independent ATP pools, a small nuclear pool and a large cytoplasmic pool, has been disputed in the past. Plagemann (1) 
